Abstract-Obesity is an important risk factor for hypertension; however, the pathway through which it raises blood pressure (BP) is poorly understood. Body size is also the primary determinant of energy expenditure, and we therefore examined the joint relationship of energy expenditure and body size to blood pressure. Resting energy expenditure (REE) was measured using respiratory gas exchange in population-based samples of 997 Nigerians and 452 African Americans. In a third sample of 118 individuals, nonresting energy expenditure (ie, physical activity) was measured in addition to REE. The univariate correlation between REE and BP ranged from 0.10 to 0.22 in the 3 samples (PϽ0.001).
B ody size measures have been widely studied as determinants of inter-individual variation in blood pressure (BP) . Although height appears to have little or no influence on BP among humans, adiposity has been universally identified as a predictor of increased risk of hypertension. 1, 2 Despite substantial efforts, the underlying physiological mechanisms linking excess body fat stores to BP are poorly understood. Obesity is a complex syndrome, representing the joint effect of metabolic alterations as well as lifestyle patterns that involve, among others, a high-calorie/highsodium intake and reduced physical activity. 3 Various regulatory hormones, including insulin and leptin, are increased among the obese, and abnormalities in the renin-angiotensin system have been described. 4 -6 At the same time, a wide range of other metabolic abnormalities, including rates of ion transport and resting sympathetic tone, have been reported in obese hypertensives compared with the non-obese, although these associations are inconsistent. 7 An important challenge faced by studies that attempt to isolate the role of individual components of body composition and energy metabolism is the need to account for their intercorrelation. Although it is often assumed that the size of body fat stores is a primary determinant of hypertension risk, lean body mass increases in parallel with total body weight and is highly correlated with fat mass. 8 In addition, in societies where virtually the entire population experiences some degree of overweight, it may be difficult to identify cause and effect relationships given the absence of an appropriate control group.
As part of an international comparative study of hypertension, we have been investigating the effects of energy expenditure and obesity on BP in populations of the African diaspora. Using community-based samples in Nigeria, Jamaica, and the United States, we tested the hypothesis that metabolic processes represented by resting energy expenditure (REE) mediate the effect of body size on BP. We report here a new observation of an association between REE and BP that is consistently observed in these widely contrasting social environments.
Methods

Subject Recruitment
The sampling frame for this study was provided by the International Collaborative Study on Hypertension in Blacks, as described in detail elsewhere. 9 In the second phase, nuclear families were identified through middle-aged probands, and all available firstdegree relatives were enrolled in Ibadan, Nigeria and metropolitan Chicago, Illinois. In this analysis, we used data from participants older than 18 years who were not using hypertension medications. Exclusion criteria also included diagnosed major medical conditions such as coronary heart disease, diabetes mellitus, kidney disease, and severe arthritis. There were 997 participants from Nigeria belonging to 255 families and 452 participants from the United States from 152 African-American families.
Because the primary sample consisted of families, and because familial aggregation exists for all the traits that were examined, we included an additional independent sample of unrelated individuals recruited in a separate study of physical activity and BP. We enrolled 57 Nigerians, 35 Jamaicans, and 26 African Americans in this smaller independent study. These individuals were recruited from the same communities in Nigeria and the United States, and from suburban Kingston, Jamaica. Study protocols were reviewed and approved by the review boards of the University of Ibadan, the University of the West Indies, and Loyola University. Written informed consent was obtained in Yoruba for the Nigerian participants and in English for the Jamaican and US participants.
Survey Methods
A screening examination was completed by trained research staff using a standardized protocol. 8 Local interviewers obtained a medical history and a family pedigree in the participant's native language. BP observers were trained and certified by a previously described procedure. 8, 10 Measurements were made in the sitting position, with the arm at heart level after a 5-minute rest. An oscillometric device, previously evaluated in our field settings, was used for all BP measurements (Omron HEM-412). 10 Three measurements were taken 3 minutes apart and the average of the final 2 was used in the analysis. Height was measured to the nearest 0.1 cm using a stadiometer consisting of a steel tape attached to a straight wall and a wooden headboard. The headboard was positioned with the participant shoeless, with feet and back against the wall, and head held in the Frankfort horizontal plane. Body weight was measured to the nearest 0.2 kg using calibrated electronic scales uniform to all sites. Body mass index (BMI) was calculated as weight (kg)/height (m 2 ). Body composition was estimated using bioelectrical impedance analysis using a single-frequency (50-kHz) impedance analyzer (model BIA 101Q; RJL Systems, Clinton Township, Mich). 11 A tetrapolar placement of electrodes was used on the right hand and foot. 12 Fat-free mass (FFM) and fat mass (FM) were estimated from measured resistance using equations validated in our populations. 11 Leptin was measured in a subset of participants, as previously described, 11 using a radioimmunoassay kit (Linco, St. Charles, Mo).
Measurement of Resting Energy Expenditure
REE was measured using respiratory gas exchange. Under supervision by one of the investigators (A.L.), certified staff made all measurements in a clinic setting in Nigeria, Jamaica, and the United States using the same indirect calorimeter (DeltaTrac II Metabolic Monitor; SensorMedics, Anaheim, Calif). To control for the thermic effect of food during the REE measurement, the participants fasted from 10:00 PM the previous evening. Compliance with the request for fasting was assessed by monitoring respiratory quotient; any participant with respiratory quotient greater than 1.00, suggesting recent food consumption, was asked to return for a second visit. Mean (ϮSD) respiratory quotient was 0.85Ϯ0.05 in Nigeria, 0.82Ϯ0.04 in Jamaica, and 0.84Ϯ0.05 in the United States.
After arriving at the clinic, the participant rested in a supine position for at least 15 minutes. A clear Lucite hood was placed over the participant's head and respiratory gases were collected for 30 to 45 minutes. Using the modified Weir equation, 13 energy expenditure was calculated from oxygen consumption and carbon dioxide production values. Alcohol burn tests indicated that the instrument was accurate to within 2% at all times; replicate measurements (nϭ35, up to 1.5 years apart) indicate the intra-individual coefficient of variation of REE to be Ϸ3.5%. 14 Total energy expenditure was measured using the doubly labeled water method in the smaller sample from the 3 sites. 15 Standardized doses of O 18 and deuterium were given at baseline and samples of body fluids were obtained at baseline, at equilibration with total body water and after 10 to 14 days, as previously described. 15, 16 Physical activity was calculated as the difference between total energy expenditure and REE and was normalized to body weight and expressed as kcal/kg per day. 17 Body composition in this sample was determined by deuterium dilution, as described in detail elsewhere. 18 
Statistical Analysis
Descriptive characteristics were calculated as means and frequencies. During the first step in the analysis, correlation was used to (179) 1707 (290) 1420 (244) *Body composition measures, ie, fat-free mass, fat mass and % body fat, were missing for 4 Nigerian men, 12 US men, and 25 US women.
†Plasma leptin was measured on a subset of participants: Nigerian men, nϭ309; Nigerian women, nϭ312; US men, nϭ148; US women, nϭ244. assess interrelationships. Linear regression was subsequently used to conduct the multivariate analyses. All analyses were repeated using the following adjustments: height and weight; BMI; and FFM and FM. To verify the consistency of the analyses, they were conducted separately on the entire Nigerian and United States samples, with the unrelated persons in those samples and finally on the smaller independent sample used to study physical activity. Statistical significance was assessed if the associated P values were Յ0.05. Logistic regression was used to calculate the odds ratio for hypertension in the highest versus lowest quartile of REE adjusted for body size and age.
The precision of the measurements was estimated through withinperson correlations in a random sample over a short time interval. For BMI and REE, the correlation was 0.97, indicating stability and accuracy of the measurement (Nϭ58 and 25, respectively). The corresponding correlations were 0.70 for systolic BP (SBP) and 0.75 for diastolic BP (DBP) (Nϭ58).
Results
Descriptive characteristics of the participants from the community samples in Nigeria and the United States are presented in Table 1 . The mean age of the participants in the 2 sites was similar. The parent study was designed to recruit persons from the upper and lower tails of the BP distributions; because the Nigerians were not treated for hypertension at the time of enrollment, and because many hypertensive US participants were excluded from these analyses due to medication use, mean BPs were higher in Nigerians. As anticipated, the African American sample was substantially more obese and had higher levels of plasma leptin. Body composition, ie, FFM, FM, and percent body fat, were missing for 4 Nigerians and 37 African Americans. The secondary sample underwent measurement of energy expended in physical activity using stable isotopes and included Jamaicans ( Table  2) . Similar patterns were present across the study sites, with increases in body size and energy expenditure in a stepwise fashion from Nigeria to the United States.
Correlation analysis was conducted within each of the 2 larger population samples (Table 3 and Table 4 ). In both groups of participants, SBP and DBP were significantly associated with absolute levels of REE (ie, unadjusted for body size). All measures of body size and composition were also significantly associated with SBP and DBP. As anticipated, REE was related most strongly to FFM (rϭ0.72 to 0.77). In these unadjusted analyses, plasma leptin was significantly correlated with BP in the Nigerians but not in the African Americans. 
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After adjustment for body composition (FFM and FM) or body size (heightϩweight or BMI), REE was found to be consistently associated with SBP and DBP in the Nigerians and African Americans separately and in the combined sample (Table 5) . Conversely, no association with BP persisted for the body size measures after accounting for the effect of REE. We noted no association between leptin and BP in the multivariate regression models and deleted it from the models. Gender and population origin also had no effect. To account for potential familial aggregation, we repeated the regression analyses in a subset of unrelated participants from Nigeria and the United States (Nϭ354) and in the physical activity sample (Nϭ118). The association between BP and REE remained unchanged.
To assess the relative contribution of REE and body size, we calculated the percent of variance in BP (ie, R 2 ) accounted for in multivariate models with each of these predictors. A model including BMI, age, gender, and population group explained 19% of the variance in SBP. The same model with REE instead of BMI explained 23% of the variance; adding BMI to the model with REE resulted in no change in R 2 . This result was to be anticipated because BMI was rendered uninformative in the multivariate regression model by addition of REE.
We quantified the effect of REE in terms that make it comparable to other widely known factors that influence BP. Adjusted for body size and age, SBP and DBP were substantially higher among participants in the highest versus lowest quartile of REE (SBP 120.9 versus 112.2 mm Hg, PϽ0.001; DBP 74.1 versus 69.8 mm Hg, PϽ0.001). The odds ratio for hypertension among participants in the highest versus lowest quartile of REE adjusted for body size and age was 1.7 (95% confidence interval, 1.1 to 2.7).
To determine whether the association between BP and REE was restricted to the frankly obese, we repeated all analyses among persons with BMI Ͻ30 and found no change in the associations. Taking advantage of the contrasting levels of obesity in the 2 population samples, we tested for a difference in the slope of the multivariate association between REE and BP in Nigeria versus the United States. Similar relationships were observed in both populations, with a nominally steeper slope in Nigeria compared with the United States (ie, ␤ϭ0.28 versus 0.20, respectively) ( Figure) .
The same regression models were applied to the independent set of 118 individuals with direct measurement of energy expended in physical activity. The association between REE and BP was statistically significant in all the models, while a borderline significant negative association with physical activity was observed (Table 6 ).
Discussion
The physiological mechanisms that underlie the causal processes in hypertension are inherently difficult to study because of their nonindependence. Adiposity and excess sodium intake are the best described exposures thought to play a causal role. While the BP-elevating role of sodium is no longer in doubt, the causal process linking obesity to hypertension is still poorly understood. Moreover, obesity is a complex syndrome, representing a nexus of lifestyle and hormonal factors, including low physical activity, high- Distribution of BMI in Nigerians (-) and African Americans (---). In the small graph, the relation between SBP and REE adjusted for body composition, age, and sex are depicted for Nigerians (-) and African Americans (---) . The association between SBP and REE is similar in the 2 populations regardless of mean BMI.
calorie and high-sodium intake, increased cardiac output, sympathetic tone, and hormone levels. 5 Energy expenditure for all organisms is determined primarily by body size. Variation in REE among humans reflects differences in the mass of lean body tissue, primarily muscle. 8, 19 REE is also linked in an obligatory fashion to fat mass, because changes in fat mass are accompanied by parallel changes in lean mass. 8 All associations between body size and other traits, like cardiovascular risk factors, are therefore potentially confounded by the association with REE. In this setting, 2 competing hypotheses must be entertained. Epidemiologic analyses have traditionally been based on the assumption that accumulation of body fat stores is the primary abnormality that in turn causes a series of downstream pathologic consequences. We have demonstrated in these 3 independent samples that the effect of BMI can be entirely explained by REE. These data provide the basis for a new hypothesis linking obesity to hypertension. In this construct, REE increases in parallel with body size, and in turn either serves as a proxy for other correlated metabolic processes or leads directly to increases in BP. We acknowledge that on the surface, this effect seems counterintuitive, because increases in habitual levels of voluntary energy expenditure, ie, through exercise, reduce BP. As we have shown here using the precision of stable isotopes, habitual physical activity is indeed associated with lower adiposity and lower BP. However, after accounting for physical activity the residual positive correlation of increased REE with BP remained highly significant and was much stronger than the effect of energy expended in physical activity.
Because all 3 of the major variables in this analysis, ie, BP, REE, and BMI, are intercorrelated, the judgment about the causal arrangement depends on the results of the multivariate models. The obvious rejoinder to the interpretation that REE accounts for the variation in BP with body size would be residual confounding by the relationship between REE and obesity. However, that hypothesis is not consistent with the statistical analysis. In all 3 independent samples, the measures of body size, including weight, height, FFM, FM, and BMI are all unrelated to BP once REE has been entered into the model. Measurement error can potentially distort multivariate models. If 1 of 2 correlated traits is measured with greater precision, it may absorb a disproportionate share of the common variance. In this instance, however, the 2 classes Despite the strong association that has been demonstrated, the causal sequence at the physiological level should not be confused with the overall causal process at the level of the whole organism. Approximately half of the inter-individual variation in REE is attributable to body size while a residual effect of approximately similar magnitude remains for inherent variation in the level of REE and random processes. If in fact REE captures information that summarizes one of the pathways to hypertension, adiposity would be an additional contributor, but a substantial effect exists independent of BMI. Thus, persons at similar levels of BMI or body size with REE in the highest quartile compared with those in the lowest quartile have a 1.7-fold higher risk for hypertension.
To our knowledge, the only previous direct examination of this question was undertaken by Kunz et al. 20 In their clinical study, REE was significantly higher by 9% in 43 obese hypertensive patients when compared with 27 obese normotensives, as were plasma catecholamines and leptin. 20 Substantial alterations in REE occur in hypothyroidism and hyperthyroidism, and in both instances elevated BP is commonly observed. 21, 22 The implications of thyroid disease, with a variety of other associated effects, for normal variation in REE is difficult to judge, however. REE may reflect sympathetic tone, although measurement of various compartment effects is challenging. 23 A large proportion of resting energy is expended to maintain ion gradients across cell membranes. 20 A large, generally inconsistent body of research exists on the potential relationship between ion exchange and BP. 24 Studies of ion exchange are plagued by the imprecision of measuring activity in cell suspensions. 24 The possibility remains that the precision provided by total body measurement of REE has illuminated evidence of the role for a metabolic set-point that previously escaped notice.
Perspectives
In summary, the data presented here demonstrate that the relationship between adiposity and BP is confounded by the joint association with REE. Body fat stores, per se, appear to have no impact on BP or risk of hypertension after adjustment for the associated increases in REE. If confirmed, this causal model modifies the conceptual framework within which we understand the link between obesity and hypertension and suggests a new direction for pathophysiologic research.
